The localization of hyaluronan has been determined in tailbud stage embryos of Xenopus laevis using a neurocan-alkaline phosphatase fusion protein. This polysaccharide was located between the germ layers and enriched in mesenchyme, the lumen of the neural tube, the embryonic gut, the hepatic cavity and the heart. A full-length cDNA for a hyaluronan synthase, Xhas2 has been cloned. The expression pattern of Xhas1 and 2 is closely similar to the distribution of hyaluronan in the embryo. Xhas1 produces hyaluronan with a molecular mass of around 40±200 kDa, while the product formed by Xhas2 has a molecular mass above 1 million Da. q
Results and discussion
Hyaluronan (HA) is a constituent of the extracellular matrix of all vertebrates. The localization of hyaluronan was determined on histological sections of tailbud stage embryos of X. laevis using neurocan, an HA binding protein from rat brain (Rauch et al., 1992) . Large amounts of HA were detected between the ecto-and mesodermal as well as between the meso-and endodermal cell layers. In particular, the extracelluar space of the mesenchyme appears to be enriched in this polysaccharide (Fig. 1) . Staining for hyaluronan could be detected in the lumen of the neural tube, the embryonic gut, the primary hepatic cavity and in the heart anlage whereas only low but distinct HA are deposited in the intercellular spaces of undifferentiated endodermal masses, while the matrices of the neural tube and the notochord were devoid of detectable hyaluronan (Table 1 ). This data con®rms that hyaluronan indeed plays a crucial role in what already has been assessed previously, namely in creating cell-free spaces (Comper and Faurent, 1978) , and to control cell proliferation (Brecht et al., 1986) , migration (Pratt et al., 1975; Poelmann et al., 1990) and differentiation (Toole and Gross, 1971) .
A fragment of a cDNA derived from an mRNA by PCR potentially coding for the Xenopus homologue of Has2 has been analyzed earlier (Spicer and McDonald, 1998) . A 3090 bps long full-length cDNA of Xhas2 now was cloned (GenBank accession AF168465) which encodes a 551 amino acid protein that shares 52.5% of sequence identity with the Xhas1 gene product, whereas the similarity to both the human and murine homologues is 88%. Contrary to Xhas1, the mRNA for Xhas2 can also be detected in adult tissues of X. laevis. The mRNA is present in skin, heart, spleen, lung and in particularly high amounts in ovaries. On the other hand, Xhas2 mRNA is not expressed to a measurable extent in brain, kidney, eye and liver of adult frogs (data not shown).
Xhas2 mRNA can already be detected as early as in late blastula stages and from this throughout development ( Fig.  2 and for a comprehensive summary see Table 1 ). Wherever important morphogenetic processes require cell migration, proliferation and differentiation, Xhas2 expression is upregulated. Furthermore, Xhas2 expression also can be detected in organs that form ventricular structures such as the heart or the ear. Injection of hyaluronidase into the lumen of the respective organ primordia, prevents their normal development (Markwald et al., 1978; Haddon and Lewis, 1991) .
In order to demonstrate that the gene product of Xhas2 in fact synthesizes hyaluronan, the full-length cDNA was transfected under the control of the CMV promoter into COS-1 cells. In accordance with earlier ®ndings (Meyer and Kreil, 1996) , Xhas1 yields a product with a molecular mass of 40±200 kDa, while HA synthesized by Xhas2 has a much higher molecular mass (Fig. 3) . Very short hyaluronan chains have been shown to stimulate cell proliferation and to initiate signaling cascades; they also are involved in angiogenesis (West et al., 1985) and in¯ammatory responses (Noble et al., 1996) . High-molecular-weight hyaluronan chains on the other hand confer opposite effects (reviewed in West et al., 1998) . Since the gene product of Xhas2 is able to synthesize large quantities of hyaluronan around COS-1 cells (data not shown), we infer that the Xhas2 gene on its own also is responsible for the respective enzymatic activity in vivo. Based on the present results, we thus propose Xhas2 as an operative gene for hyaluronan synthesis during larval development of the frog and adulthood whereas Xhas1 transcription is suppressed in the late periods of the life cycle. As of now we may conclude that the discovery that particular HAS polymerize sugar chains of differing average lengths in a distinct spatiotemporal manner as indicated by the expression of Xhas1 and/or Xhas2 is relevant in early vertebrate development.
Methods
Dechorianated Xenopus laevis embryos were ®xed in the presence of 3.7% formaldehyde, 2 mM MgCl 2 , 1 mM EDTA, 0.5% cetyl pyridinum chloride in 100 mM PIPES (pH 6.8) (CPC-PEMFA), dehydrated in ethanol and embedded in paraf®n. After sectioning, the partially (40%) rehydrated specimens were re®xed in CPC-PEMFA at 558C for 1 h. The sections were treated in phosphate-buffered saline (PBS), 0.1% Tween-20 (PTw) plus 0.5% non-fat dry milk and extensively washed in Ptw plus 2 M NaCl, 41 mM MgSO 4 (B), incubated for 3 h at ambient temperature with a 1/100 dilution of conditioned medium of HEK293 cells expressing neurocan-alkaline-phosphatase fusion protein (generous gift from Uwe Rauch, University of Lund) in 10 mM sodium phosphate (pH 7.0), 1.5 M NaCl, 0.08% BSA. Afterwards, the sections again were washed in Fig. 2 . In situ hybridization of Xhas2 in Xenopus embryos: animal pole cells which give rise to the ectodermal cell layer after gastrulation were found to be the ®rst to express this gene (A; section of a blastula) and these cells continue to express Xhas2 during epiboly (B; sagitally sectioned gastrula). Thereafter, Xhas2 transcripts are barely detectable in cells of the midline of the neural plate (C; dorsal view) and by midneurula ®nally disappear in the outer ectodermal cell layer (D; dorsal view). However, during this period the Xhas2 gene is activated in primordial neural crest cells (E,F; dorsal views) and later on, during tailbud stages, high expression could be observed in posterior and somitic mesoderm, head mesenchyme and head neural crest (H, central transversal section of a late neurula). Later on, in early tadpole stages, the expression in all other tissues decreases and transcription in the kidney, ear and heart anlage can be observed as a though faint but distinct staining (I,J; lateral view). ba, branchial arches; bc, blastocoel; bp, blastopore; dm, dorsal midline; ey, eye anlage; hp, heart primordium; ki, kidney anlage; nc, notocord; ncc, neural crest cells; nt, neural tube; ov, otic vesicle; pm, posterior mesoderm.
B and subsequently bound neurocan was visualized by staining with nitro-blue-tetraozolium and bromo-chloroindolyl phosphate in 100 mM Tris (pH 9.5), 50 mM MgCl 2 , 100 mM NaCl, 0.1% Tween-20, 0.5 mM levamisol. In situ hybridization was carried out using 11-UTP dixogenin (Boehringer-Mannheim) labeled antisense RNA probes. COS-1 cells (SV40 transformed African Green monkey kidney cell line) were grown in DMEM/10%FCS to 80% con¯uency and transfected with pCIXhas-1, and 2 with the aid of Superfect reagent (Quiagen). Xhas1 or Xhas2, were tested for their ability to synthesize hyaluronan in vitro. Membranes were incubated in the presence of UDP-GlcNAc and [ 14 C]UDP-glucouronic acid. The size of synthesized HA was analyzed by agarose gel electrophoresis and subsequent autoradiography. The size estimation was carried out as described previously (Lepperdinger et al., 1998) , DNA marker in kbp, HA size in MDa.
